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ABSTRACT
Effects of Whole Body Vibration on Inhibitory Control Processes
Bennett Alan Mortensen
Department of Mechanical Engineering, BYU
Master of Science
Vibrations are often experienced in the workplace and may influence performance and
executive function. Research has shown that vibrations may have an affect effect on drowsiness
and tests related to inhibitory control. Previous work investigating whole body vibrations (WBV)
and their effect was evaluated to inform the decisions for this study. WBV effects on cognitive
abilities were examined and the different tests used in these studies were identified and
compared. Electroencephalogram (EEG) and event related potentials (ERP) were selected to be
used to measure inhibitory and cognitive processes. The N2 ERP, which reflects inhibitory
control processes, was examined as well as the dominant frequency of the Fourier fast transform
(FFT). A total of 94 participants between the ages of 18-55 (Mage = 20.49 SDage = 1.68)
completed this study (51 female, 38 male and 5 with no gender listed). A go/no-go task was used
to elicit the N2 ERP after WBV and a simultaneous EEG recording while the participants
experienced WBV was used to gather the needed data. Stimulus frequencies used for the N2 ERP
included 15 Hz, 20 Hz, and 40 Hz. During the simultaneous recording stimulus frequency varied
every 30 seconds by 10 Hz from 20 Hz to 110 Hz. Data were analyzed using both a linear mixed
effects model for normally distributed data and a generalized linear mixed effects model for data
taken as percentages. It was hypothesized that there would be an effect on performance as
measured in the raw go/no-go results, that this change in performance showing improved
accuracy would be linked to inhibitory control, and be seen as a decrease in the magnitude of the
N2 ERP. It was also hypothesized that the exploratory FFT portion of the study would produce a
shift from a higher to a lower frequency in the dominant waveform . The results show that there
were no main effects in either the behavioral performance or in the N2 ERP of the participants
but that there was a significant interaction at 40 Hz with improved simple go trial activity and
decreased no-go inhibition. The results also show that there was a statistically significant shift in
neural oscillation activity but that this shift was not real-world relevant within the context of this
study.

Keywords: whole body vibration, WBV, electroencephalography, ERP, inhibitory control
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INTRODUCTION

This section provides the introduction to the thesis. A background which presents the need for
the research is provided; followed by a list of the thesis objectives and an outline of the thesis.

Background and Scope
Mechanical vibration analysis typically consists of characterizing the structural or acoustic
response of dynamically loaded mechanical structures. Effects of vibration on health and human
performance are less established and use metrics that are inherently more subjective. Whole body
vibration (WBV) is a subset of vibration study that focuses on the effects of vibration on the
human body when the vibration is applied to the entire body and not localized to a single part of
the body such as an arm or leg. As the research surrounding WBV expands, new and innovative
methods, tests, and procedures are being developed to better characterize the effects of WBV on
the human mind and body. Best practices and relevant areas of focus are still being identified and
established. Results from some of these efforts include a 2006 study published in the Journal of
Strength and Conditioning Research which concluded that “an acute bout of WBV led to an
increase in vertical jump height”[1]. A 2007 study showed that “WBV appears to provide no or
only minor additional effects on muscle strength and jump performance as compared with
performing the same exercises without WBV” [2]. In addition to strength training, the effect of
WBV has been studied looking into weight loss [3] , blood flow [4] , bone density [5] and a
number of other areas.
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During a literature review on the relationship between WBV and cognitive functioning,
inhibitory control was identified as an area where additional understanding was needed. While
some research exists in this area that could be used to inform our research plans and objectives,
the conclusions of this research were inconsistent and varied, indicating the need for further
research using new methods and metrics. A subset of the evaluated research was compiled and
used as the basis for the literature review of the thesis [6-38]. Individual tests were identified and
used to compare against one another and used to determine which tests should be performed in
this study. Tests such as ChAT-Immunostaining [39] were identified as objective but intrusive,
while others such as the Karolinska Sleepiness Scale [40] were non-intrusive but far more
subjective. Establishing an understanding between objective vs. subjective, and intrusive vs. nonintrusive test metrics was a key part of the literature review and that information was used to
establish the test metrics used in this study. Some studies indicated that cognitive performance
was improved [7, 9, 17], in accordance with the study test metrics, while others indicated that
cognition was hindered or at best that there was no change [3, 9, 14, 15, 22, 23, 27-29, 31, 32,
38-59]. Taken together, the information in the reviewed literature helped to determine the
objectives and scope of this study.

Thesis Objectives
This section details the objectives of this thesis in Table 1-1. These objectives were determined
based on a comprehensive literature review as discussed in Section 1.1.
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Table 1-1 Thesis Objectives
1. Perform a literature review to identify the vibration conditions that have positive and negative effects
on brain cognition and inhibitory control as well as areas where data are lacking.
2. Determine the effects of WBV on inhibitory control by
a. Using a go/no-go test designed to test the effect that vibration has on
inhibitory response.
b. Using electroencephalogram (EEG) and event-related potential (ERP) data to objectively measure
the effect that the vibration is having on the participants’ inhibitory control and oscillation activity.

Thesis Outline
The outline of this thesis is as follows: section 2 presents a summary of the literature that focuses
on the cognitive effects of WBV. Section 3 presents the study performed for this thesis and
describes the methodology and procedures that were used in the data acquisition and testing as
well as drawing conclusions and making recommendations for future research. Lastly, section 4
presents a summary of the thesis research.
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2

LITERATURE REVIEW

Overview
Research has been conducted to establish the effect of WBV on brain function and inhibitory
control. The results of these studies are varied in their conclusions. Part of the reasons for these
differences is due to differences in test setups and the ways that improvements/degradations of
brain function are measured. The aim of this section is to present a review of the existing
literature and provide an overview of the current known effects of WBV and the associated test
parameters used. The focus will be to give insight into what research has been done and what
research remains. The literature will be divided into two groups: those that increased cognitive
ability and those that decreased or had no discernable effect on cognition. Multiple tests and test
methods have been used to determine the effect of vibration on cognitive ability. As these tests
are an integral factor in determining the effectiveness of WBV on cognitive ability they are
summarized in Table 2-1. The table is meant as a quick reference and the original source
material should be evaluated.

2.1.1

Increase in Cognitive Ability

An increase in cognitive ability is shown in some of the research data. Taken together these
studies show a marked and measurable positive difference in performance of the subjects. It is
interesting to note that all positive studies used 30 Hz vibrational stimulation.
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Table 2-1 Test Descriptions.
Test
Stroop Color-Word
Interference Test (CWIT)

Stroop Color-Block Test
(CBT)

Digit Span Backward Test
(DSBT)
ChAT-Immunostaining
(CATI)

Psychomotor Vigilance
Test (PVT)

Karolinska Sleepiness
Scale (KSS)
Finger Opposition
Sequence (FOS)
Mental Arithmetic (MA)

Alpha Attenuation Test
(AAT)
Tracking Error (TE)

Description
A neuropsychological test extensively used to assess the ability to inhibit
cognitive interference that occurs when the processing of a specific
stimulus feature impedes the simultaneous processing of a second stimulus
attribute, well-known as the Stroop Effect. E.g., saying the word not the
color that the word is [58].
A neuropsychological test extensively used to assess the ability to inhibit
cognitive interference that occurs when the processing of a specific
stimulus feature impedes the simultaneous processing of a second stimulus
attribute, well-known as the Stroop Effect. E.g., saying the word on the
block not the color of the block [58].
Repeat numbers, read aloud, of increasing length in the reverse order that
the numbers are given. E.g., an examiner would read 12345 and the correct
response from the subject would be 54321 [36].
Choline acetyltransferase (ChAT), the enzyme responsible for the
biosynthesis of acetylcholine, is presently the most specific indicator for
monitoring the functional state of cholinergic neurons in the central and
peripheral nervous systems [39]. Immunostaining of ChAT can be used to
identify concentration and changes in ChAT.
The psychomotor vigilance task (PVT), a computer-based test, is a
chronometric measure of an individual's reaction to specified small
changes in a labile environment. Subjects are instructed to respond to a
digital signal on a computer terminal by pressing a key. Errors of omission
and commission are recorded [60].
KSS measures the subjective level of sleepiness at a particular time during
the day. On this scale subjects indicate which level best reflects the
psycho-physical sate experienced in the last 10 min. The KSS is a measure
of situational sleepiness. It is sensitive to fluctuations [40].
A finger tapping test is learned by the subject. After learning the sequence,
the participant performs the sequence as many times as possible during a
given time period. Correct sequences are recorded as well as errors [20].
A problem was posed in the form of two two-digit numbers presented side
by side, with a clear separation between the numbers, the larger number
being on the left, e.g., 52 29. Subjects were instructed to take the smaller
from the larger (52 - 29 = 23), add the two digits of the answer together (3
+2 = 5) and indicate by pressing one of the buttons whether the answer was
odd or even [32].
A 12min eye closed/open protocol, it is a quantitative method based
on the fact that EEG alpha (8-12 Hz) activity tends to increase with eyes
open as individuals get sleepier, while it decreases with eyes closed [61].
Participants were asked to track a digital object using a joystick while
experiencing WBV, error percentage was calculated from performance [8].
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Table 2-1 Test Descriptions Continued.
Test
Discomfort Matching (DM)
Clock-Test (CT)

Acoustical Signal Detection
(ASD)
Short Term Memory
Performance (STMP)

Description
Matching vibrational amplitudes to produce the same level of
subjective discomfort [14].
60 circularly arranged small lamps flashed successively on for 0.33s.
At stochastic intervals one lamp was omitted. The subject had to
react to this critical stimulus by pressing down a button. The mean
ratio between the critical and uncritical stimuli was 1: 19. 45 critical
stimuli occurred during one epoch [15].
A pure tone had to be recognized in a white noise of 84 dBA both
lasting 1.66s. The pure tone level was determined corresponding to
the individual discrimination threshold [15].
The task involved the subject’s observing 2, 4 or 6 letters that were
presented on one line centered on a computer screen for 1, 2 or 3 s,
respectively. After a pause of 1 s a probe letter appeared. The
participant’s task was to indicate as quickly and accurately as
possible whether the probe had been or had not been present among
the letters. Participants responded with one of two hand-held, thumboperated response buttons, one marked YES and one NO. Half of the
participants held the YES button in their self-reported dominant hand
and the other half in their non-dominant hand. All letters where
chosen randomly by the computer from a pool of seven letters (B, C,
D, F, G, H, J), and no single set contained repeated letters. Six of the
letters were used as probes (B, C, D, F, G, H). Each probe appeared
five times in each of the three letter set sizes (e.g. a positive
response) and five times did not (e.g. a negative response). The total
number of stimulus presentations during each environmental
exposure was 180 (6 probes × 5 repetitions × 3 set sizes × 2
responses) [23].
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Table 2-1 Test Descriptions Continued 1.
Test
Unified Field of Vision
(UFOV)

Description
The UFOV test measures whether the subject can perceive changes
that occurs in the sequence in a very short time, as shown in Fig. 7.
When the subject looks at the first picture of Fig. 7, a second picture
is displayed for 16 ms and is then switched to a third picture. With
the second figure, we tested the ability to perceive the inclusion of
the stimulus signal among the 24 circles of the same size divided into
eight directions. The more distant the circle containing the stimulus
signal is from the center, the higher the perceptual attention is
required, because the viewing angle becomes larger. The viewing
angle is defined as the angle between the center circle and the testing
circle, based on the reference point at the center of the subject's eyes.
It is from 8° at the nearest circle to 22° at the farthest circle. The
third picture is a disturbance stimulus comprising various shapes,
and the task is to remove the residual image immediately after the
stimulus signal is presented. The last picture appears after a brief
disturbance stimulus, which is displayed until the subject selects the
direction of the stimulus signal [28].
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Table 2-1 Test Descriptions Continued 2.
Test
N-Back Test (NBT)

Description
The N-back test measures relatively high cognitive attention. It also
measures the time in which the subject reacts when a letter shown in the
past appears again while watching letters changing at regular intervals on a
laptop computer monitor.
Asking if the current letter is the same as the one just before it is called “1back,” and asking if it is the same as the second preceding letter, it is called
a “2-back.” To carry out this test, the subject must compare the present
stimulus with the nth stimulus presented in the past. Thus, each time a new
stimulus is presented, the subject must remember the order of the past
items and compare them to the stimulus. This requires significant cognitive
processing. Generally, as N increases, the accuracy rate drops sharply.
Fig. 9 shows an example of a 2-back test. If the stimuli are presented in
order from the first stimulus, “W,” as shown in Fig. 9, the subject should
not react to the third stimulus, “P.” The subject must react to the fourth
stimulus, “C,” and not the last stimulus, “H.” Because the N-back test
requires high cognitive attention, test performance is expected to be lower
when a driver is exposed to vibration [28].

Chair Angle Control
(CAC)

A simulated pilot control system was used and the participant’s deviation
from a level position was measured. Both the magnitude and time deviation
from level measured overall performance [31].
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Table 2-1 Test Descriptions Continued 3.
Test
Memory Task (MT)

Navigation Error (NE)
(ILS)

Hover Score (HS)
Hover Time (HT)
Load Position (LP)

Divided Attention Test
(DAT)

Description
Subjects were required to learn the team membership (team A or
team B) of a group of imaginary men. A selection of 32 male names
was chosen by computer and randomly divided into two groups of
sixteen. The names were then presented sequentially in a random
order on a television monitor. As each name appeared, the subject
decided whether the name belonged to team A or team B, and
responded by pressing either of two hand- held buttons labelled A or
B. No time limit for responding was imposed upon the subjects.
Immediately following a response, the subject was told whether or
not he had responded correctly by the words “WRONG” or
“CORRECT” appearing on the screen. The correct-ness of the
response was also recorded for later analysis. The next name then
appeared, and this procedure continued until all 32 names had been
presented. This constituted one trial of the task. The remaining trials
began using the same 32 names and team division as before, but with
a new random order of presentation [33].
The average distance off course computed from take-off until the
start of the ILS approach (outer marker) [35].
The average deviation from the glide slope pathway profile. Three
error values are summed to make up this score; altitude error,
degrees of heading, and airspeed error. The scoring period started at
the beginning of the glide slope and ended when at an altitude of 60
m (a period of about 90 s) [35].
The average altitude error plus the average distance off course
beginning at 60m altitude and ending when the load marker was
crossed [35].
Elapsed time from crossing the load marker until the load was
dropped off or picked up [35].
Pick-up: horizontal distance of the aircraft from the center of the load
when tension came on the cable. Drop-off: the distance of the load
center from the target position at the time the cable was released
from the load [35].
Alphabet letters displayed continuously in a random pattern, and the
participant pushed “?” button if they saw the “M” letter on the right
of the screen. Also, if the participant sees the “S” letter on left of the
screen, they should push the “Z” button. The result of divided
attention test was reported according to the number and reaction time
of divided attention in milliseconds [37].
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While these studies show a statistically relevant increase in cognitive ability, according to the
metrics that were used, specifically the Stroop Color-Word Interference test, the effect is
generally small and limited to this specific measure of cognition. This section continues by
reviewing each of these studies that demonstrated positive effects on cognition due to WBV.
A study using 133 individuals concluded that short term passive WBV resulted in
“positive acute effects on attention and inhibition in young adults” [30]. The CWIT was used as
the measure of cognitive performance along with the Stroop CBT and the DSBT. The
improvement was only seen in the CWIT and only when it and the CBT proceeded the DSBT
with a decrease in mean completion time going from 13.64s ±2.19 s in the control group to
13.37s ±2.09 s. The conclusion found that while the overall effect was small, WBV as a
cognition-enhancing therapy was worth further evaluation and consideration [30].
The other studies using human subjects [6, 7, 11] showed comparable results in the
improvement of cognition in humans with a decrease in CWIT completion time of 4.9s [6], 1.94s
[9], 0.254s [11] and 0.173s [11]. These scores are difficult to compare directly but taken
together, they suggest that WBV can increase cognitive ability in humans. The CWIT was used
as the indication of cognitive ability in the research involving human subjects. Test scores
improved after short sessions, 5 minutes or less, of vibrational stimulus regardless of the
frequency and amplitude used or how the data were processed. It is important to note that while a
measurable improvement, that was deemed statistically significant, the improvement was always
characterized as small in magnitude; for example having a partial η2 effect size of 0.137 [6].
Effect size “were calculated as the average of the within-subject difference divided by the
standard deviation of the within-subject difference” [6]. Generally, it is concluded that additional
research is needed to verify the repeatability of the results.
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The studies involving mice [6, 7] used motor skills as the primary measure of cognitive
performance. An improvement of 1-2s decrease was seen in the time needed to cross a balance
beam in one study [7]. Improved motor skills and a reduction in “arousal induced home cage
activity” was also demonstrated [6]. A WBV session of 30 minutes was not shown to have any
beneficial effects on the mice [7]. The research would suggest that WBV is a viable option to
increase cognition given the right circumstances, but that the exact combination of amplitude and
frequency is not yet determined.
Fuermair et. al [11] sought to identify a possible mechanism for the improvement that
was seen in the previous studies. Their study was based in part on studies linking increased
cholinergic functioning with better performance on the CWIT. The study states “ChATimmunostaining was significantly higher by 23% in the WBV group in layer 5 of the
somatosensory cortex. In the basolateral amygdala ChAT-immunoreactivity was also
significantly increased by 21% in the WBV group” [17]. The increases seen in the Fuermair et al.
study was shown to be linked to an increase in cholinergic function and taken as a whole are
presented as a possible mechanism for the improved performance.
Taken together, the evaluated research suggests that short term (vibration duration of 5
minutes or less) WBV can be used as a treatment to increase the cognitive ability of the
participant. While the effect is small it is generally concluded that additional research would
need to be performed to optimize and amplify the effect. The available data are relatively small
compared to other fields and it is also the conclusion of this paper that additional research would
need to be performed before any conclusive statements about WBV could be said with any level
of confidence.
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2.1.2

Decrease in Cognitive Ability

Generally, WBV was shown to decrease performance in a number of different metrics used to
determine cognitive ability. The metrics that showed a marked decrease in performance include
the DSBT, CATI, PVT, KSS, FOS, MA, AAT, TE, DM, CT, ASD, STMP, UFOV, NBT, CAC,
MT, NE, ILS, HS, HT, LP, and the DAT. A wide range of frequencies, amplitudes and durations
are examined, with each study concluding that WBV decreases performance, or at best had no
discernable effect. Performance was defined by each study in line with the cognition test used.
Duration of stimulus was generally longer for these tests and may contribute to the
decreased performance. Some of the studies lasted as long as 2 hours [35] and it was unclear if
the vibration or the general fatigue of the task caused the decreased performance. Direct
comparisons between the studies are difficult to make due to the variations in testing protocol,
metric tested, and the time, frequency, and amplitude of the vibration. A few studies will be
detailed to give insight into some of these differences and to better understand how these studies
differ from the research that showed an increase in performance as discussed in Section 2.1.1.
The influence of vibration on human drowsiness was investigated in study [6]. The study
used random Gaussian vibration with a 1-15 Hz frequency bandwidth at a 0.2 m/s2 root mean
square (RMS) amplitude for a duration of 20-minutes. The test used to measure the effect on
cognition was the KSS and the PVT. PVT is generally seen as the more objective test while KSS
is, in essence, a standardized process for gauging the subjective drowsiness of a subject. The
vibration was designed around simulating realistic driving conditions but performed in the
controlled environment of the lab. The conclusion of the study indicated that the exposure to
WBV decreased objective performance as well as increased the subjective, self-reported level of
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sleepiness. Studies [22, 36, 38] differed in frequencies and test setup but used some of the same
measures and concluded similar results.
Comfort was used as the metric to determine cognitive ability in studies [14, 19, 27, 29].
While it is true that cognitive ability likely decreases as discomfort increases, it is also true that
using this measure is subjective and makes it difficult to replicate the study and draw consistent
conclusions. The frequency, amplitude, and duration of application of vibrational stimulus varied
across these studies further complicating any effort to draw strong conclusions and develop
plausible trends.
Using MA as the cognition indicator, the effect of WBV was analyzed in [32]. Vibration
was induced via a hydraulically driven vibration chair while the MA task was being
administered. Total number of errors made, mean time taken to answer a question, and the mean
percentage error rates were calculated. Three vibration levels were used for each of the three
experimental tests with acceleration levels of 1.18 m/s2 , 0.83 m/s2 , and 0.59 m/s2. The first
experiment showed an increase in errors, from 59 in the control group to 79 in the vibration
group, an increase in mean time taken to answer a question from 4.26 s to 4.33 s and an increase
in mean percentage error rate from 7.3% to 9.6%. A summary of the results for all three test
groups is shown in Table 2-2.
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Table 2-2 Summary of Mental Arithmetic Task Results.
Exp 1 (1.18 m/s2)
Number of Errors
Mean time taken per question (s)

Control
59
4.26

Vibration
76
4.33

Mean percentage error rate (%)

7.3

9.6

Exp 2 (0.83 m/s2)
Number of Errors
Mean time taken per question (s)

Control
37
4.2

Vibration
24
4.18

Mean percentage error rate (%)

5.2

3.4

Exp 3 (0.59 m/s2)
Number of Errors
Mean time taken per question (s)

Control
52
5.03

Vibration
42
5.15

Mean percentage error rate (%)

7.1

6.3

Research into the “effects of vibration on attention using neuropsychological tests” used
the DAT as the metric for cognitive function [37]. The study looked at male students in their 20s
using a vibrational frequency between 3 Hz and 7 Hz with acceleration rates of 0.53 m/s2, 0.81
m/s2 and 1.12 m/s2. The results of the study indicated that “subjects with vibration exposure had
lower reaction times and fewer correct answers than the others (no vibration exposure)” [37].
The results of the study are given in Table 2-3.
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Table 2-3 Results of Divided Attention Test.
Variables

Acceleration (m/s2)

Reaction time (ms)
Correct answers
Reaction time (ms)
Correct answers
Reaction time (ms)
Correct answers

0.53

2.1.3

0.81
1.12

Exposed Group
Mean (±SD)
596.94 ± 76.42
49.1667 ± 6.04
593.94 ± 76.42
46.17 ± 6.04
595.44 ± 76.42
47.67 ± 6.04

Control Group Mean
(±SD)
617.01 ± 84.89
44.12 ± 7.18
617.01 ± 84.89
44.12 ± 7.18
617.01 ± 84.89
44.12 ± 7.18

P-value
0.005
0.001
0.001
0.001
0.001
0.003

Summary

Table 2-4 provides an overview of the studies that were reviewed as representative of the
research done surrounding cognitive effects of WBV. While not every study focuses exclusively
on cognition, the studies reviewed all investigated and studied a metric that was closely tied to
cognition. Measures such as the CWIT and the AAT are representative of the measures that were
most closely tied to cognition while measures like discomfort are more correlative in their
relation to cognition.
The overwhelming consensus of the research, with the exception of 6 out of the 36
studies reviewed, agree that WBV causes a measurable decrease in cognitive performance. As
stated earlier, this conclusion is only tentatively put forth because of the lack of consolidation
that is seen in frequencies, amplitudes, durations, and test procedures.
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Table 2-4 WBV Effects on Cognitive Ability.
Study

Title

[30]

Whole body vibration
improves cognition in
healthy young adults.

[6]

[7]

[9]

[11]

[17]

Frequency (Hz)
Amplitude
Duration
Sample Size
Measure
30 Hz
0.5mm
2min
133 Subjects
CWIT

Result

Beneficial Effects of Whole
Body Vibration on Brain
Functions in Mice and
Humans.

30 Hz
0.5-1mm
4min
34 Subjects
CWIT

Decrease in completion time from
120.8(s) ± 48.8(s) in the control to
115.9(s) ± 48.9(s) in the WBV
group indicating an increase in
cognitive performance.

Whole Body Vibration
Improves Attention and
Motor Performance in Mice
Depending on the Duration
of the Whole Body
Vibration Session.
Acute Effects of Whole
Body Vibration on
Inhibition in Healthy
Children.

30 Hz
1.9G
5min, 30min
44 (mice)
Balance Beam Test

Faster beam crossing time by 1-2s.

30 Hz
~0.5mm
3min
55 Subjects
CWIT

Decrease in completion time from
61.19s ± 20.3s in the control to
59.25s ± 17.8s in the WBV group
indicating an increase in cognitive
performance.

Good vibrations-effects of
whole body vibration on
attention in healthy
individuals and individuals
with ADHD.

30 Hz
~0.5mm
2min
83 Subjects
CWIT

Healthy Individuals
resting condition: 3.462s±0.419s
vibration condition:
3.289s±0.358s.

Whole body vibration
enhances choline
Acetyltransferase
Immunoreactivity in cortex
and amygdala.

30Hz
14-17µm
10min
14 (Mice)
ChAT OD and ChAT
Immunostaining
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Decrease in completion time from
13.64(s) ± 2.19(s) in the control to
13.37(s) ± 2.09(s) in the WBV
group indicating an increase in
cognitive performance.

Approximately 7s to 5s.

Individuals with ADHD
resting condition: 3.635s±0.373s
vibration condition:
3.381s±0.419s.
ChAT-immunoreactivity was
significantly increased due to
WBV in layer 5 of the
somatosensory cortex
(by 23%; p<0.01)
and amygdala (by 21%; p<0.05).

Table 2-4 WBV Effects on Cognitive Ability Continued.
Study

Title

[22]

Changes in
Wakefulness during
Exposure to Whole
Body Vibration.

[6]

The influence of
vibration on seated
human drowsiness.

Frequency (Hz)
Amplitude
Duration
Sample Size
Measure
10Hz, 20Hz
0.3m/sec2
24min
7 Subjects
AAT , KSS
1-15 Hz (Gaussian
random vibration)
0.2m/sec2
20min
18 Subjects
PVT , KSS

Result

Theta Activity
+960 V2 x 10-12 / 5min.
Alpha Activity
-6778 V2 x 10-12 / 5min.
Mean response time PVT
Before vibration
283.1s±6.24s
After Vibration
320.2s±10.68s
KSS 1-9
1 = very alert
9 = very sleepy
KSS Score
Before test-run
1.78±0.131.67±0.14
After 5 minutes
2.39±0.163.94±0.24
After 10 minutes
2.72±0.165.67±0.31
After 15 minutes
2.94±0.176.44±0.35

[38]

The effects of physical
vibration on heart rate
variability as a measure
of drowsiness

4-7 Hz
0.2m/sec2
60min
15 Subjects
KSS
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After 20 minutes
3.06±0.156.83±0.30
KSS Score
Before the test-run
5.06 ± 0.27
After 60-min of vibration
7.67 ± 0.29

Table 2-4 WBV Effects on Cognitive Ability Continued 1.
Study

Title

[36]

Effects of Vibration
on Occupant Driving
Performance Under
Simulated Driving
Conditions.

[8]

Effect of whole body
vibration on human
performance.

[14]

Duration of wholebody vibration
exposure its effect on
comfort

[15]

On human response to
prolonged repeated
whole body vibration.

[19]

Subjective reactions to
whole-body vibration
of short duration.

[20]

Background matters:
Minor vibratory
stimulation during
motor skill acquisition
selectively reduces
off-line memory
consolidation.

Frequency (Hz)
Amplitude
Duration
Sample Size
Measure
1-15 Hz (Gaussian random
vibration)
0.2m/sec2
30min
20 Subjects
KSS

5,7,11 Hz
0.088in -0.280in
5min
13 Subjects
TE
4Hz, 16Hz
0.75m/s2 Adjustable
36min
8 Subjects
DM
4Hz, 8Hz
1 m/s2
3h Total, 20min Increments
8 Subjects
CT, ASD
31.5Hz, 6.3Hz
1.1m/s2, 2.3m/s2
.1-128s
12, 14 Subjects
Discomfort
65Hz
Unspecified
30s intervals
48 Subjects
FOS
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Result

Initial
mean ± SD: 2.11 ± 0.57 in
with-vibration condition and
2.21 ± 0.85 in no-vibration
condition.
After 10min
mean ± SD: 3.58 ± 1.26 in
with-vibration condition and
3.16 ± 0.83 in no-vibration
condition.
After 30min
mean ± SD: 7.89 ± 0.81 in
with-vibration condition and
4.53 ± 0.70 in no-vibration
condition.
Increase in vertical tracking
error by 34%-70%.

No significant tendency for
subjects to increase or
decrease the level of the test
motion with exposure time.
Initial Dip in Performance
then A Recovery After
Prolonged Exposure.
Critical time of 3s-4s between
for max discomfort for
31.5Hz stimulus.
No critical time observed for
the 6.3Hz stimulus.
No vibration 24-hour gains
mean gains 2.48 ± 0.51
sequences..
Vibration 24-hour gains
mean gains 0.62 ± 0.29
sequences.

Table 2-4 WBV Effects on Cognitive Ability Continued 2.
Study

Title

[26]

Psychological effects of
combined noise and wholebody vibration: A review
and avenues for future
research.
Cognitive performance and
subjective experience
during combined exposures
to whole-body vibration
and noise.

[23]

[27]

Evaluation of subjective
responses to whole-body
vibration exposure: Effect
of frequency content

[29]

Reduced ride comfort
caused by beating idle
vibrations in passenger
vehicles.

Frequency (Hz)
Amplitude
Duration
Sample Size
Measure

Result

Meta-analysis of existing research in noise and vibration
studies.
See table 1.2
16Hz
1.0m/s^2, 1.6m/s^2,
2.5m/s^2
20min
54 Subjects
STMP using the
Sternberg Paradigm
Discomfort
4Hz, 8Hz, 16Hz, 31.5Hz,
63Hz
Study specific scale (60125)
NA
13 Subjects
Discomfort
0.5Hz, 1Hz, 2Hz, 4Hz,
8Hz
101.2dB
20s
9 Subjects
Discomfort
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No significant results for memory.
Vibration
Annoyance 2.44±1.61
Difficulty 2.88± 1.14
Control
Annoyance 0.93± 1.26
Difficulty 2.22± 1.65
Predictive model created.

When the amplitude ratio (B/A)
was 0.4, the greatest difference in
equivalent discomfort was 3.2 dB
at a beating frequency of 4.0 Hz.
When the amplitude ratio was 0.8,
the greatest difference was 3.8 dB
at a beating frequency of 1.0 and
2.0 Hz. For the two amplitude
ratios, the difference in equivalent
discomfort was relatively small at
a beating frequency of 0.5 Hz and
8.0 Hz. For the same beating
frequency, more discomfort was
caused by a larger amplitude ratio.

Table 2-4 WBV Effects on Cognitive Ability Continued 3.
Study

Title

[28]

Attention decrease of
drivers exposed to vibration
from military vehicles
when driving in terrain
conditions

Frequency (Hz)
Amplitude
Duration
Sample Size
Measure
2Hz
1.37m/s^2
40min
11 Subjects
UFOV, CWIT, NBT

Result

UFOV

No significant change in accuracy
CWIT

Increase in reaction time
NBT

[31]

Human performance under
vibrational stress.

2-20Hz
~1/3 short time tolerance
per frequency
1min
15 Subjects
CAC
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Decrease in accuracy rate
Degradation in performance
correlated with body resonant
frequencies between 3-12 Hz.

Table 2-4 WBV Effects on Cognitive Ability Continued 4.
Study

Title

[32]

Some effects of a combined
noise and vibration
environment on a mental
arithmetic task.

[33]

Evidence of impaired
learning during whole-body
vibration

Frequency (Hz)
Amplitude
Duration
Sample Size
Measure
Broad Band Frequency
1.18m/s2, 0.59m/s2,
0.83m/s2
12min
20 Subjects
MA

16Hz
2.0m/s^2
As long as it took to
complete the task
38 Subjects
MT
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Result

Exp 1
C
V
(1.18m/s2)
Number of
59
76
Errors
Mean time
4.26 4.33
taken per
question (s)
Mean
7.3
9.6
percentage
error rate (%)
Exp 2
C
V
(0.83m/s2)
Number of
37
24
Errors
Mean time
4.2
4.18
taken per
question (s)
Mean
5.2
3.4
percentage
error rate (%)
Exp 3
C
V
(0.59m/s2)
Number of
52
42
Errors
Mean time
5.03 5.15
taken per
question (s)
Mean
7.1
6.3
percentage
error rate (%)
The results of the first session
show a significant impairment of
learning among those subjects
exposed to whole-body vibration.

Table 2-4 WBV Effects on Cognitive Ability Continued 5.
Study

Title

[35]

The influence of low
frequency vibration on pilot
performance (as measured
in a fixed base simulator).

[37]

Short-term exposure with
vibration and its effect on
attention.

Frequency (Hz)
Amplitude
Duration
Sample Size
Measure
6Hz, 8Hz, 10Hz, 12Hz
0.1-0.30G
2H
4 Subjects
NE, ILS, HS, HT, LP
3-7Hz
0.53m/s2, 0.81m/s2,
1.12m/s2
1-2min
25 Subjects
DAT

Result

Did not cause degradation in the
measures used to evaluate
performance except for about 6%
of the observations (scattered
randomly throughout the data) in
which very poor performance was
shown.
Acceleration 0.53m/s2
Reaction time (ms)
Vibration 596.94 ± 76.42
Control 617.01 ± 84.89
Correct Answers
Vibration 49.1667 ± 6.04
Control 44.12 ± 7.18
Acceleration 0.81m/s2
Reaction time (ms)
Vibration 593.94 ± 76.42
Control 617.01 ± 84.89
Correct answers
Vibration 46.17 ± 6.04
Control 44.12 ± 7.18
Acceleration 1.12m/s2
Reaction time (ms)
Vibration 595.44 ± 76.42
Control 617.01 ± 84.89
Correct Answers
Vibration 47.67 ± 6.04
Control 44.12 ± 7.18
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Table 2-5 is a recreation of Table 1 “Overview of studies measuring performance in cognitive
tasks (combined or not with subjective rating scales) in studies combining noise and WBV. The
table lists, for each study, the type of stimuli used, the nature of the cognitive task and rating
measurement carried out, the main results, as well as an indication of the decrement in
performance due to vibration, noise, or their combination” [26] that is presented in a separate
analysis of WBV research [26].
Based on this review of the literature, it was determined to perform a study aimed at
determining the effect on cognition, focusing specifically on inhibitory control, due to WBV
across multiple frequencies. This study investigating the effects of WBV on inhibitory control
and brainwave oscillation activity is discussed in section 3.
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Table 2-5 Independent Summary Analysis.
Reference

Stimuli

Cognitive task

Subjective Results
ratings

[12]

Broadband
noise level
at 100– 105
dB(A) + 5
Hz WBV
(0.30 peak
g
Broadband
noise level
at 100– 105
dB(A) + 5
Hz WBV
(0.30 peak
g)

Tracking task
Reaction time
task Voice
communication
Mental
arithmetic
Visual acuity
Tracking task
Reaction time
task Telephone
test Mental
arithmetic
Visual acuity

-

Whitenoise level
at 65 100
dB(A) +
complex 16
Hz WBV
(0.36 m/s2
)
Recorded
helicopter
noise level
at 77–86
dB(A) + 16
Hz WBV
(Z) (1.0–
2.5 m/s2 )
Recorded
vehicle
noise level
at 78 dB(A)
+ 2–4 Hz
WBV (1.1
m/s2 )

Complex
counting task

-

Short-term
memory task

Ratings of
intensity,
difficulty,
and
annoyance

Higher ratings of
difficulty and
annoyance when
noise and WBV
were combined.
No effect on
performance.

*Ratings of
difficulty, 58.2%
(C) *Ratings of
annoyance, 67.8%
(C)

Logical
reasoning task
and a short-term
memory task

Ratings of
stress and
difficulty

Highest ratings of
stress in highnoise sensitive
group when noise
and WBV were
combined. No
effect on
performance.

*Ratings of stress,
51.4% (C)

[13]

[16]

[24]

[21]

Fewer adverse
effects on
horizontal and
vertical tracking
by combined
exposure than by
vibration alone.
Fewer adverse
effects on
horizontal and
vertical tracking
by combined
exposure than by
vibration alone.
Longer reaction
time in vibration
condition.
Larger combined
effects of noise
and WBV when
noise level was
low.

-
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Changes in
performance or
ratings in
vibration (V),
noise (N), and
combined (C)
conditions
*Tracking task
(horizontal), 29.3%
(V) *Tracking task
(vertical), 33.2%
(V)
*Tracking task
(horizontal), 18.3%
(V) *Tracking task
(vertical), 29% (V)
*Reaction time
task, 6% (V)

{Counting task,
11% (C)

Table 2-5 Independent Summary Analysis Continued.
Reference

Stimuli

Cognitive task

Subjective Results
ratings

[21]

Recorded
vehicle
noise level
at 78 dB(A)
+ 2–4 Hz
WBV (1.1
m/s2 )

Selective
attention task

Ratings of
alertness

[25]

Recorded
vehicle
noise level
at 72 dB(A)
+ authentic
vehicle
WBV with
dominant
frequency
2–20 Hz
(0.87 m/s2
)
Broadband
noise level
at 84.8
dB(A) +
broadband (
Z) WBV
(1.18 m/s2
)
Noise level
60 dB(A)
and 100
dB(A) + 6
Hz WBV
(0.10 gz)

Selective
attention task

Ratings of
alertness
and
annoyance

Arithmetic task

-

Decreased
performance in
single-stressor
conditions.

*Arithmetic task,
28.8% (V), 27.2%
(N)

Tracking task

-

Vibration
combined with 60
dB noise
produced greater
impairment in
horizontal
tracking than
when combined
with a noise
stimulus played at
100 dB.

{Tracking task,
24% (C, 60 dB
noise), 3.2% (C,
100 dB noise)

[32]

[34]

25

Degraded
performance after
exposure to
WBV. Increased
ratings of
alertness after
WBV and
decreased ratings
of alertness after
noise exposure.
Decreased ratings
of alertness after
WBV exposure
and highest
ratings of
annoyance after
combination of
WBV and noise.
No performance
effects.

Changes in
performance or
ratings in
vibration (V),
noise (N), and
combined (C)
conditions
*Selective attention
task, 15.6% (V)
*Ratings of
alertness, 12.5%
(V), 12.9% (N)

*Ratings of
alertness, 18.2%
(V) *Ratings of
annoyance, 75.5%
(C)

3

STUDY

This section presents the study performed in this research. The goal was to investigate the effects
of WBV on inhibitory control and brainwave oscillation activity.

Introduction
WBV studies utilizing a vibrating platform have become both common and diverse in the
literature since the late 1990’s. Whole-body vibration is increasingly recognized as either an
adjunct to exercise or as a form of static exercise [43, 62]. Numerous studies report favorable
responses for WBV compared to no vibration on physiological measures such as flexibility [63],
strength and power [59], and a myriad of potential beneficial physical effects in aging
populations including strength/power, gait speed, bone mineral density, and balance [43].
Occupational WBV (OWBV) is another field with a growing body of literature reporting on
physical dysfunctions resulting from long-term vibration exposure to various fields ranging from
hand-arm machinery to motorized machinery, and vehicle driving jolt and vibration effects [52].
The OWBV literature has primarily focused on negative physical outcomes resulting from
chronic long-term exposure to vibration frequencies and amplitudes [51, 52] that vary
significantly from short-term platform-based WBV exercise exposure [62]. OWBV has long
been acknowledged by researchers investigating its effects to produce negative neuromuscular
and physiologic changes from vehicle transit [57] including deficits in motor performance tasks,
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dexterity, and visual tasks [18]. To date, OWBV experienced in driving/seated occupations is
primarily linked to musculoskeletal disorders of the lumbar spine, neck, and shoulders [52].
While there is an abundance of research on physical performance with platform-based
WBV and physical dysfunction in OWBV, research on potential cognitive effects of WBV is
limited, particularly utilizing WBV platforms. To date, five studies have been performed with
human subjects seated in a chair placed on a WBV platform and all five have reported positive
cognitive outcomes. It is important to note that the only frequency used for all of these studies
was 30 Hz with slight differences in total amplitude. Three of these studies reported on results
using a healthy population [7, 9, 30] and two included participants with attention deficit
hyperactivity disorder (ADHD)[10, 11] For example, Regterschot et al. reported that two
minutes passive vibration in a chair attached to a WBV platform (30 Hz and 5 mm amplitude)
induced positive acute effects on measures of attention and inhibition in young adults [30], while
den Heijer et al. reported three-minutes of vibration improved inhibition in healthy children [9].
Four weeks of similar seated WBV conditions (for 4-minutes per treatment day) was reported to
positively influence brain function based on improvement in the Stroop color-word test (a
measure of inhibition and processing speed) in an adult population older than forty years of age
[7]. Interestingly, Boerama et al. also reported that a 5-week protocol of WBV in mice improved
motor performance and reduced arousal-induced home cage activity [7]. A unique application of
seated WBV on a platform was reported by Furmeier et al. where vibration was reported to have
significant beneficial effects of small-to-medium size on attention of both healthy individuals
and adults with ADHD [11] Furmeier et al. [10] also reported the potential for 10 days of
repeated WBV treatments to have a prolonged beneficial effect (14 days) on cognitive
performance and multiple aspects of a neuropsychological assessment in an adult with ADHD.
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Surprisingly, very little information exists on OWBV effects on cognitive performance.
For example, in a study of helicopter crews, 17 Hz WBV was associated with reduced response
inhibition and increased impulsive responding which would increase the likelihood of action
slips [64]. Furthermore, OWBV in truck driving increases driver discomfort and results in a
decrease in vigilance and reaction times [46]. While not a measure of cognitive function per se,
more recent OWBV studies have linked the effect of vibration during driving to increased levels
of sleepiness and fatigue [65], although, it has been noted that more studies identifying causal
relationships are needed [6] as vibration can easily be a modifiable factor. Seated vibration
exposure in the 1-15 Hz range for 20-minutes is associated with drowsiness [6] with further
investigations demonstrating decreased alertness and adverse effects on lane and speed deviation
while driving [41].
The omnipresent nature of vibration in daily activities, such as vehicular vibration, or in
the use of voluntary bouts of exercise utilizing WBV platforms warrants further investigation
into the relationship between vibrations and cognitive functioning. To date, cognitive-outcome
OWBV studies have only observed low frequency effects in the 1-17 Hz range [6, 64] due to its
relation to frequencies encountered in driving occupations, while WBV platform-based input has
been limited to observations at 30 Hz. Higher frequencies can be attained in both OWBV and
WBV platforms, however initial studies primarily focused on peripheral neuromuscular
responses. Only recently has platform WBV been looked at for it’s possible central effects by
observing corticospinal excitability [66-68]. Furthermore, a recent in-vivo rat study reported
suppressed GABA neuron firing rates in the ventral tegmental area of the brain following 50 Hz
isolated vibration to the cervical spine [69]. Thus, it is possible that other frequencies may have
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effects on the central nervous system and possibly cognitive control, warranting further
investigation.
Many of the activities that are expected to be done while experiencing WBV, such as
controlling machinery, using certain power tools, or operating heavy equipment involve
cognitive control. Cognitive control includes the ability to implement top-down control and
identify errors or conflict in order to achieve goals [70] similar to the kind of behavior used
while driving a car. Other domains of cognitive control include inhibition [response inhibition
(self-control—resisting temptations and resisting acting impulsively), interference control
(selective attention and cognitive inhibition)], and cognitive flexibility [45]. These have all been
examined using neuroimaging techniques such as event-related brain potentials (ERPs) [70]. The
high temporal resolution of ERPs offers a comprehensive means for assessing aspects of the
information processing stream that comprise cognitive control [70].
Event-related brain potentials are scalp-recorded changes of the brain’s electrical activity
that reflect neural processing of stimuli [53]. The amplitude of an ERP waveform fluctuates due
to the strength of a presented stimulus or depending on how an individual responds to the
stimulus [53]. The N2 ERP is a negative-going deflection in the electroencephalogram (EEG)
that peaks 200-350 ms after the onset of a stimulus and is associated with competing response
options or the inhibition of a response [71]. The amplitude of the N2 is more negative when an
individual suppresses a dominant response towards stimulus supporting the idea that the N2 is an
indicator of inhibitory control processes [71]. A larger N2 ERP amplitude indicates the
recruitment of additional cognitive resources to inhibit the response to the stimulus [44]. The N2
ERP component reflects information processing of the brain associated with inhibitory control
[70].
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A go/no-go task is a simple way to create a need for the suppression of a dominant
response, or in other words the inhibition of a response. The no-go trials where participants are
required to implement inhibition in order to withhold their response is associated with more
negative N2 amplitudes than go trials [72]. These characteristics of the go/no-go task make it
suitable for reliably producing the N2 ERP and therefore make the task suitable for use in
analyzing cognitive control. No studies to date have tested the relationship between N2 ERP
measures of inhibitory control and WBV.
Brainwaves can also be transformed into the frequency domain and are generally
categorized as Alpha waves - 8-13 Hz, Beta waves - Greater than 13 Hz, Theta waves - 3.5-7.5
Hz, or Delta waves - 3 Hz or less [73]. EEG recorded brainwaves are transformed and evaluated
using a Fast Fourier Transform (FFT). The FFT is a transformation of a signal from the time
domain into the frequency domain. Selecting the dominant frequency of the signal
transformation will allow further characterization and evaluation of the gathered EEG data.
Research has shown that EEG oscillations can be used to map the functional roles of widespread
brain regions [74]. Changes in these oscillations are shown in connection with memory tasks [50,
75]. For example, increases in high frequency oscillations show that alertness‐related modulation
of ongoing neural activity before stimuli presentation influences motor performance [49].
Research has shown that there is a connection between OWBV and the frequency domain
of the brainwaves. In a 1985 study, closed eye WBV caused a reduction in alpha activity and an
increase in theta activity. This was correlated to a “reduction in wakefulness” or a “tiering effect”
of monotonous WBV [22]. As part of the exploratory portion of this study the FFT
transformation of the EEG gathered data is analyzed for changes to WBV frequency.
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With previous research showing that there is a link between WBV and inhibitory related
task [30] it was hypothesized that there would be an effect on performance as measured in the
raw go/no-go results, that this change in performance showing improved accuracy would be
linked to inhibitory control, and be seen as a decrease in the magnitude of the N2 ERP. Also with
studies showing a shift in brainwave oscillation activity [22] it was hypothesized in the
exploratory FFT portion of the study, a shift would be seen in the dominant waveform
characteristics caused by the WBV used in the study and would move the dominant frequency
from a higher to a lower frequency.

Participants
A total of 94 participants between the ages of 18-55 (Mage = 20.49 SDage = 1.68) completed this
study (51 female, 38 male and 5 with no gender listed). 110 qualified individuals were initially
enrolled in the study, however, 16 were excluded for missing or incomplete N2 ERP data. All
participants signed an institutionally approved informed consent prior to any data collection.
Participants were primarily right handed (77 right handed, 12 left handed, 5 not declared).
Qualified participants were recruited from the university campus and were included in the study
if they met exclusionary criteria through pre-study screening. The following exclusion criteria
were used to reduce potential confounders to brain function: current use of alcohol/tobacco
products, pregnant or lactating, had an abnormal sleep-wake schedule (>1-hour difference in
sleep and wake times on 2 or more days of the week), had a neurological disorder such as
epilepsy or stroke, diagnosed with attention-deficit/hyperactivity disorder or other learning
disabilities, had a previous head injury with loss of consciousness, had uncorrected vision
difficulties, or had a diagnosed psychiatric condition. People aged 55 years and older have a
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greater association with age-related declines in cognitive ability and therefore were similarly
excluded from participation.

Methodology
All participants reported to a lab room designed for EEG data collection. Each participant
participated in one lab session lasting for approximately 60 minutes. Upon arrival the participant
was given a participant number, reviewed the consent form with the study administrator, and any
questions that the participant had were answered at this time. The participants age, gender and
dominant hand were recorded, and the test overview and instructions were reviewed one final
time before the study began. Participants were then seated in the vibration chair and fitted with a
128-channel EEG sensor net, and then completed a series of 4 go/no-go tests following either a
no vibration (control) condition, or 1 of 3 different vibration frequency settings (15, 20, or 40
Hz). Each vibrational stimulus and the no vibration condition were presented for 5 minutes
immediately preceding the go/no-go task. The order of the stimulus presentation was determined
based on the participant number using a predetermined pattern that ensured that every possible
permutation of stimulus order was used. With 24 possible stimulus permutations this pattern was
repeated after every 24th participant. Immediately after completing the go/no-go tasks,
participants remained in the chair with their eyes closed while vibrational frequency varied
between 20–100 Hz changing every 30 seconds by 10 Hz. This open EEG recording session was
used to gather data needed for the FFT analysis.
A vibrating chair was used as the vibration stimulus. The chair is a medium sized push
back recliner with a tactile transducer attached to its base as shown in Figure 3-1. The tactile
transducer is a ButtKicker LFE unit with a 4-Ohm impedance and operated at approximately 600

32

Watts and has a 1500-Watt maximum power load. The LFE unit uses a magnetically suspended
piston driven by an electrical coil. The oscillation of this piston is what creates the vibration. The
chair and transducer are shown in Figure 3-1 through Figure 3-4.

Figure 3-1. Vibrating chair.
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Figure 3-2. Vibrating chair in the reclined position.

Figure 3-3. Tactile transducer attached to the bottom of the chair.
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Figure 3-4. Bottom view of the tactile transducer.

3.3.1

Electroencephalography

Electroencephalogram data were recorded using a high-density 128-channel EEG sensor net with
a 128-Ag/AgCl electrodes using a NA 300 amplifier (EGI; Eugene, OR; 20K nominal gain,
bandpass = 0.01 – 100 Hz) and referenced to the vertex electrode (Cz). Data were gathered
continuously and sampled at a rate of 250 samples/second using a 16-bit analogue-to-digital
converter. Impedances were kept below 50 kΩ per the manufacturer’s guidelines using a mild
detergent/saline solution, approved for use on human participants. The solution was applied inbetween vibrational stimulus to maintain impedance below the recommended value. Following
data collection, data were high-pass filtered at 0.1 Hz and low-pass filtered at 15 Hz using
NetStation v 5.3. Data were subsequently segmented from 200 ms prior to onset of the stimulus
to 800 ms after the stimulus. Sensor layout can be seen in Figure 3-5. Sensor Cz is not shown.
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Figure 3-5. Electrode location.
Following segmentation, artifacts were removed using the ERP PCA Toolkit.
Specifically, eye movement and blink artifacts were removed using independent components
analysis (ICA). ICA components that correlated 0.9 or higher with one of two artifact templates
(one provided by the manufacturer and one made from previous data made using the current
EEG system) were removed from the data. Channels were marked as bad if the differential
amplitude met or exceeded 50 microvolts or if the fast average amplitude at any single channel
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exceeded 100 microvolts. Bad channels were replaced using the six nearest-neighbor electrodes.
Following artifact rejection/correction and bad channel replacement, data were average rereferenced and baseline adjusted from -200 ms to 0 ms.
The test steps for the N2 ERP portion of the study can be seen in Figure 3-6. During each
2 min break the impedance if the EEG net was checked and adjusted as needed.

Figure 3-6. N2 ERP data acquisition test steps.

After the N2 ERP portion of the study was concluded the impedance of the EEG was checked
and brought to within the prescribed limit. Immediately following, the participant was reclined
and instructed to remain still with their eyes closed. Vibrational stimulus was presented rising
from 20 Hz to 110 Hz for odd numbered participants and falling from 110 Hz to 20 Hz for even
numbered. The vibration was varied by 10 Hz every 30 seconds. The participant was asked to
remain as still as possible throughout the entire 5 minutes of vibrational stimulation. This last
data was recorded to be used in the FFT analysis. An example of a subject sitting in the
vibrational chair is shown in Figure 3-7.
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Figure 3-7. Participant in vibrating chair.

3.3.2

Go/No-Go Task Details

The task was a go/no-go task wherein participants were presented with either an M or W (same
pixel count for each letter) white 36-point (Arial) font on a black screen. Letters were presented
for 100 ms with an intertrial interval that varied randomly between 300 ms and 800 ms from
onset of last response. Participants were instructed to push a keypad when presented with an M
(a go trial) and withhold their response when they were presented with a W (a no-go trial). The
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task took approximately 5 minutes per frequency delivery. Figure 3-8 shows a representation of
the stimulus presented to the participant.

Figure 3-8. Example of test screen (W) & (M).
3.3.3

N2 ERP Data Pre-Processing

The N2 ERP was extracted from four front-central electrodes (electrodes 6 [FCz], 7 106, and 129
[Cz]) as in previous papers using the N2 [44]. ERP data were averaged across these four frontocentral electrode sites to improve reliability of the signal relative to using only a single electrode
[76, 77]. Data were subsequently extracted as the mean amplitude between 250-350 ms after the
onset of the stimulus for both go and no-go trials across all vibration frequencies. Mean
amplitude was used as it tends to be more reliable than other ERP peak measures [53, 77].
The ERP Reliability Analysis Toolbox v 0.3.2 [78] was used to compute dependability
estimates (a generalizability theory [G-theory] analogue of reliability; see Baldwin et al., 2015
for review and formulas [42]) separately for go and no-go trials and for each frequency. Between
person variance and variability due to unmeasured factors or random noise are the two main
sources of variability [42]. The noise created by the vibrational seat used in the study is likely the
primary source of variability and the cause for the exclusion of so many participants. Table 3-1
reports the dependability estimates 95% credible intervals and mean/range values. All analysis
was performed using a 0.5 reliability cutoff. The 0.5 reliability estimate has been shown in
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previous research to be an acceptable lower limit [55, 79] although it is lower than the 0.7 lower
limit established by Foti et al. (2013) [48]. Reliability values greater than 0.5 were used to avoid
excluding even more participants than were already excluded.
Table 3-1 ERP Dependability Estimates.
Trial Type
N2 go; 15 Hz Vibration
N2 go; 20 Hz Vibration
N2 go; 40 Hz Vibration
N2 go; No Vibration
N2 no-go; 15 Hz Vibration
N2 no-go; 20 Hz Vibration
N2 no-go; 40 Hz Vibration
N2 no-go; No Vibration

3.3.4

Dependability 95%
Credibility
intervals
0.94
[0.91, 0.96]
0.86
[0.80, 0.91]
0.95
[0.93, 0.97]
0.95
[0.93, 0.96]
0.87
[0.82, 0.92]
0.79
[0.71, 0.86]
0.90
[0.86, 0.93]
0.89
[0.85, 0.93]

Mean (SD)
Trials

Trial Range

146.88 (28.68)
147.75 (29.61)
149.32 (29.06)
154.14 (34.49)
62.00 (10.90)
62.35 (12.28)
61.86 (12.63)
65.26 (13.05)

47-200
52-188
67-199
31-264
30-79
31-84
29-82
21-103

Oscillatory Activity Data Pre-Processing

For the oscillatory activity portion of the study data were segmented into 15 second intervals
starting 7.5 seconds after the onset of each vibrational stimulus and ending 7.5 before the end of
each vibrational stimulus. Vibrational stimuli were presented one after the other with no rest
period in between. The 15-second intervals were transformed into the frequency domain using
the fast Fourier transform (FFT) function in MATLAB and the frequency with the largest
magnitude was identified and used as characteristic of the dominant frequency of the brain at that
point. Data were grouped in accordance with prior research [80] and as shown in Figure 3-9.
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Figure 3-9. EEG grouping [80].

Statistics
Data have been analyzed using both a linear mixed effects model for normally distributed data
and a generalized linear mixed effects model for data taken as percentages. Normally distributed
data included the N2 ERP data and the FFT transformed data sets. Data taken as a percentage
include the behavioral data for all participants and for the subset of participants that had usable
N2 ERP data. Behavioral data is all data that were not gathered using EEG. This behavioral data
includes the Response Time (RT) and the percentage of correct responses. Both models used are
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implemented in R [81] using the lme4 [82] package. Such an analysis is necessary as we need to
account appropriately for both within subject and between subject variability.

Results
All 94 participants were included in the behavioral analysis (see Table 3-1) as well as the FFT
analysis. Participants were primarily right handed (48 right handed, 8 left handed, 1 not declared)
(Mage = 20.33 SDage = 1.76). 57 participants with reliable N2 ERP data were included in the final
N2 ERP analysis. This subgroup consisted of 36 females, 20 males and 1 with no gender listed
and the behavioral data of this subgroup was also analyzed separately from the entire group of 94
participants. FFT data averages for all 10 grouping regions were calculated for data analysis and
the summary statistics are presented with the statistically significant values marked with an
asterisk.
The analysis of the behavioral data for all participants was done using alpha set at 0.05
and an F critical value calculated as 2.79 for the analysis of interaction, 2.79 for the analysis of
differences across frequencies and 4.03 for the analysis of the difference across go and no-go
conditions. The data shows that there is a significant interaction among treatments at 40 Hz. For
the go condition the probability of a correct response goes up while for the no-go condition the
probability of a correct response goes down. At the 40 Hz vibrational stimulus, participants were
likely responding to more trials and not inhibiting like they were in the other stimulus scenarios.
There were no significant differences across frequencies showing that there was no difference in
correct responses across the stimulus frequencies tested caused directly by the WBV. A
significant difference was seen between go and no-go conditions. This was expected and would
have been an indication of error in our testing if it was not present. The response time was

42

analyzed using an alpha of 0.05 which implied that an F statistic greater than 2.69 was required
for significance.
Table 3-2 Summary of Behavioral Accuracy Rate and Response Time for all 94
Participants.
None Vibration (Count 109)
no-go trial accuracy (%)
go trial accuracy (%)
15 Hz Vibration (Count 108)
no-go trial accuracy (%)
go trial accuracy (%)
20Hz Vibration (Count 109)
no-go trial accuracy (%)
go trial accuracy (%)
40Hz Vibration (Count 107)
no-go trial accuracy (%)
go trial accuracy (%)

Mean (SD)
78.9 (9.9)
79.1 (15.3)

Range
56.7 - 100.0
19.0 - 100.0

RT ms Mean (SD)

78.9 (11.4)
79.4 (14.7)

40.0 - 0.99
20.0 - 100.0

172.7 (50.3)

78.6 (10.8)
78.6 (16.1)

45.6 - 96.7
13.3 - 100.0

164.4 (52.3)

78.1 (11.3)
80.0 (14.1)

44.4 - 98.9
44.3 - 100.0

168.9 (51.1)

170.1 (51.3)

The analysis of the behavioral data for the 57 participants included in the N2 ERP
analysis was done using alpha set at 0.05 and an F critical value calculated as 2.79 for the
analysis of interaction, 2.79 for the analysis of differences across frequencies and 4.03 for the
analysis of the difference across go and no-go conditions as was done for the all-participant
analysis. These data were analyzed in case there were any differences in the smaller sub group
that was included in the N2 ERP analysis as compared with the entire group. There were no
differences found in this smaller data set then were found in the full data set. This data is
presented in Table 3-2.
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Table 3-3 Summary of Behavioral Accuracy Rate and Response Time for the 57
Participants Included in the N2 ERP Analysis.
None Vibration (Count 56)
no-go trial accuracy (%)
go trial accuracy (%)
15 Hz Vibration (Count 55)
no-go trial accuracy (%)
go trial accuracy (%)
20Hz Vibration (Count 57)
no-go trial accuracy (%)
go trial accuracy (%)
40Hz Vibration (Count 55)
no-go trial accuracy (%)
go trial accuracy (%)

Mean (SD)
78.5 (10.6)
78.5 (13.8)

Range
56.7 - 96.7
38.1 - 99.0

RT ms Mean (SD)

78.5 (11.2)
78.9 (13.0)

40.0 - 98.9
39.0 - 97.1

172.1 (52.3)

78.6 (11.5)
79.5 (13.7)

45.6 - 96.7
30.5 - 98.6

169.3 (48.3)

76.9 (11.8)
80.3 (12.9)

44.4 - 93.3
44.3 - 100.0

167.6 (50.0)

167.2 (53.8)

The analysis of the N2 ERP is summarized in Table 3-3, data were analyzed using alpha
set at 0.05 and an F critical value calculated as 2.79 for the analysis of interaction, 2.79 for the
analysis of differences across frequencies and 4.03 for the analysis of the difference across go
and no-go conditions. The only significant difference was found between the go and no-go
conditions, and as before this was expected.
Table 3-4 ERP Mean, Standard Deviation and Range.
None Vibration

(Count 57)
no-go Correct N2 ERP (µV)
go Correct N2 ERP (µV)
Difference (no-go – go) N2 (µV)
15 Hz Vibration (Count 57)
no-go Correct N2 ERP (µV)
go Correct N2 ERP (µV)
Difference (no-go – go) N2 (µV)
20Hz Vibration (Count 56)
no-go Correct N2 ERP (µV)
go Correct N2 ERP (µV)
Difference (no-go – go) N2 (µV)
40Hz Vibration (Count 57)
no-go Correct N2 ERP (µV)
go Correct N2 ERP (µV)
Difference (no-go – go) N2 (µV)

ERP Mean SD
-0.45 (2.00)
0.33 (1.79)
-0.79 (1.09)

ERP Range
-6.3-3.61
-2.9-4.80
-4.1-1.32

-0.21 (1.78)
0.27 (1.60)
-0.48 (1.18)

-4.2-6.42
-3.4-6.66
-4.0-1.68

-0.11 (1.50)
0.33 (1.10)
-0.44 (0.97)

-4.0-4.38
-2.3-4.04
-3.0-1.27

-0.25 (2.05)
0.37 (1.82)
-0.63 (1.03)

-4.0-6.73
-2.7-6.36
-3.3-1.75
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The grand average waveforms for N2 ERP are presented in Figure 3-10 and show the
grand average waveform for both the go and no-go responses. The grand average waveform is
the average waveform of the participants individual ERP waveforms. Figure 3-11 shows a single
waveform for each vibrational stimulus that represents the go subtracted from the no-go grand
average waveforms.

Figure 3-10. Grand average N2 ERP waveforms.
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Figure 3-11. Grand average N2 incongruent minus congruent difference.

The FFT data were analyzed to test the null hypothesis that the response was the same for
each frequency. Table 3-4 presents the p-value obtained for each EEG region, demonstrating that
at least 1 of the frequencies is different in the FL, FR, CR and TR grouping regions. Summary
statistics for the FFT analysis are presented in Table 3-5.

Table 3-5 Oscillatory Activity P-Values.
FL
0.005*

CL
0.175

TL
PL
OL
FR
CR
TR
0.317
0.631
0.218
0.0003* 0.016* 0.003*
Statistically significant areas are denoted with an asterisk (*)
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PR
0.277

OR
0.078

Table 3-6 EEG Location Summary Statistics.
Area
Frequency
Average
Min
Max
StdDev
Area
Frequency
Average
Min
Max
StdDev
Area
Frequency
Average
Min
Max
StdDev
Area
Frequency
Average
Min
Max
StdDev
Area
Frequency
Average
Min
Max
StdDev
Area
Frequency
Average
Min
Max
StdDev
Area
Frequency
Average
Min
Max
StdDev

20hz
10.7
6.5
14.3
1.6

30hz
10.7
6.3
14.4
1.6

40hz
10.2
6.0
14.1
1.5

50hz
10.3
7.0
15.0
1.5

60hz
10.1
6.0
12.9
1.3

20hz
10.6
6.0
14.0
1.6

30hz
10.7
6.0
13.6
1.4

40hz
10.4
7.2
14.5
1.3

50hz
10.5
7.4
14.4
1.3

60hz
10.4
6.6
12.3
1.2

20hz
10.8
6.8
14.7
1.5

30hz
10.8
7.6
14.0
1.4

40hz
10.6
5.8
13.6
1.3

50hz
10.8
7.8
14.2
1.1

60hz
10.7
6.0
13.2
1.2

20hz
10.6
4.7
14.0
1.5

30hz
10.8
7.7
14.0
1.3

40hz
10.5
6.6
13.7
1.3

50hz
10.6
8.0
14.0
1.1

60hz
10.5
6.3
12.9
1.2

20hz
10.6
5.7
13.9
1.5

30hz
10.7
6.8
14.0
1.5

40hz
10.4
6.6
13.0
1.3

50hz
10.6
7.2
14.0
1.4

60hz
10.4
5.8
13.0
1.5

20hz
10.6
6.4
13.1
1.3

30hz
10.8
6.4
14.0
1.4

40hz
10.3
6.6
14.0
1.5

50hz
10.0
7.0
13.3
1.3

60hz
10.2
6.8
13.0
1.2

20hz
10.9
6.8
14.5
1.6

30hz
10.9
6.5
15.0
1.6

40hz
10.6
6.0
14.2
1.5

50hz
10.5
6.7
15.0
1.7

60hz
10.4
7.0
15.0
1.3
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FL*
70hz
10.5
7.0
14.0
1.3
CL
70hz
10.4
6.3
13.7
1.4
TL
70hz
10.6
7.0
13.8
1.4
PL
70hz
10.6
5.0
13.6
1.5
OL
70hz
10.4
5.4
14.0
1.5
FR*
70hz
10.4
6.5
15.0
1.5
CR*
70hz
10.5
6.4
15.0
1.6

80hz
10.3
7.0
12.5
1.3

90hz
10.4
6.9
15.0
1.5

100hz
10.4
6.8
13.5
1.3

110hz
10.5
6.5
15.0
1.6

80hz
10.4
6.9
13.1
1.4

90hz
10.3
6.8
15.0
1.5

100hz
10.4
6.2
13.3
1.4

110hz
10.7
6.7
15.0
1.6

80hz
10.6
5.8
13.6
1.4

90hz
10.6
7.4
15.0
1.2

100hz
10.5
5.6
13.0
1.4

110hz
10.6
7.0
13.1
1.4

80hz
10.5
6.3
13.1
1.5

90hz
10.6
7.4
15.0
1.3

100hz
10.4
5.8
12.9
1.4

110hz
10.6
7.3
13.2
1.4

80hz
10.4
6.7
12.7
1.4

90hz
10.4
6.7
15.0
1.5

100hz
10.2
5.6
13.6
1.6

110hz
10.4
5.0
15.0
1.7

80hz
10.1
6.9
14.5
1.5

90hz
10.3
7.0
14.0
1.6

100hz
10.3
6.0
15.0
1.4

110hz
10.5
7.3
15.0
1.6

80hz
10.3
7.1
14.3
1.5

90hz
10.6
7.0
15.0
1.7

100hz
10.7
7.0
15.0
1.5

110hz
10.7
4.0
15.0
1.9

Table 3-6 EEG Location Summary Statistics Continued.
Area
Frequency
Average
Min
Max
StdDev
Area
Frequency
Average
Min
Max
StdDev
Area
Frequency
Average
Min
Max
StdDev

20hz
11.0
7.0
15.0
1.7
20hz
10.6
7.3
14.0
1.3
20hz
10.7
7.8
14.1
1.5

TR*
70hz
80hz
90hz
10.6
10.4
10.6
6.4
6.4
7.0
15.0
14.0
15.0
1.5
1.5
1.7
PR
30hz
40hz
50hz
60hz
70hz
80hz
90hz
10.6
10.4
10.4
10.4
10.4
10.4
10.4
6.8
7.7
7.3
5.8
6.4
6.6
6.6
14.3
14.0
13.6
12.9
13.6
14.7
15.0
1.4
1.3
1.3
1.2
1.5
1.4
1.4
OR
30hz
40hz
50hz
60hz
70hz
80hz
90hz
10.5
10.3
10.5
10.1
10.3
10.4
10.3
6.0
5.3
7.0
6.0
5.9
5.7
6.8
15.0
14.0
15.0
12.5
14.1
14.3
15.0
1.6
1.4
1.7
1.3
1.5
1.5
1.4
Statistically significant areas are denoted with an asterisk (*)
30hz
10.9
6.5
15.0
1.5

40hz
10.6
6.0
15.0
1.5

50hz
10.3
6.8
15.0
1.6

60hz
10.4
6.3
14.0
1.3

100hz
10.6
7.0
15.0
1.5

110hz
10.8
6.0
15.0
1.8

100hz
10.3
6.1
13.5
1.4

110hz
10.6
7.0
13.7
1.3

100hz
10.3
6.3
13.2
1.4

110hz
10.5
7.0
15.0
1.6

Figure 3-12 and Figure 3-13 are representative of the p-values that were calculated. The
heat map shows that the electrodes, with a statistically significant shift, are concentrated on the
right side of the head. While the data show a statistically significant shift, the magnitude of the
shift is not of a magnitude that was deemed significant in real world applications. Figure 3-14
through Figure 3-23 show heat maps of the peak frequency used as representative of each
electrode for each WBV condition.
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Figure 3-12. Heat map of p-Values for comparison across all stimulus frequencies.
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Figure 3-13. Overlay of p-Values.
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Figure 3-14. 20 Hz brainwave characterization in Hz.

Figure 3-15. 30 Hz brainwave characterization in Hz.
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Figure 3-16. 40 Hz brainwave characterization in Hz.

Figure 3-17. 50 Hz brainwave characterization in Hz.
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Figure 3-18. 60 Hz brainwave characterization in Hz.

Figure 3-19. 70 Hz brainwave characterization in Hz.
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Figure 3-20. 80 Hz brainwave characterization in Hz.

Figure 3-21. 90 Hz brainwave characterization in Hz.

54

Figure 3-22. 100 Hz brainwave characterization in Hz.

Figure 3-23. 110 Hz brainwave characterization in Hz.
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Discussion
This study aimed to understand how WBV at 15Hz, 20Hz, and 40Hz would affect behavioral and
neural measures of inhibitory control using N2 ERP amplitude and resting-state EEG oscillation
activity. Overall, the primary hypotheses were not supported as there were no statisticallysignificant main effects of any vibration condition for behavior (i.e., accuracy/response times) or
N2 ERP amplitude at any WBV frequency relative to rest (no WBV). There was, however a
significant interaction in accuracy at 40 Hz showing an increase in accuracy for go responses and
a decrease in accuracy of no-go responses. The neural oscillation activity showed a statisticallysignificant change in the FL, FR, CR and TR grouping regions when comparing the averaged
oscillation activity across the 10 vibration frequencies that were tested relative to no vibrations,
although this change was small and not deemed to be real-world relevant.

3.6.1

Behavioral

The analysis of the behavioral data for the go/no-go task showed no main effect across the WBV
frequencies that were tested for either percent accuracy or go-trial response times, but it did show
a significant interaction at 40 Hz in the accuracy of the trial responses. The absence of significant
between-condition differences remained as well as the interaction at 40 Hz, both for the overall
sample of 94 participants as well as the subset of 57 participants that had usable ERP data. For
the interaction found at 40 Hz, correct response accuracy to go trials increased while accuracy
for the no-go trials decreased. On go trials, no inhibitory control is needed to complete the
response. Participants simply hit the button to the stimulus. Whereas on no-go trials, inhibitory
control is required to withhold a response. Thus, the interaction may on accuracy at 40Hz may
reflect a dissociation between simple processes (i.e., hitting the button when a go stimulus
occurs) and more complex inhibitory control processes (i.e., inhibiting to a no-go stimulus). The
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difference in task difficulty that is present between the go and no-go conditions, specifically the
additional complexity required for a correct no-go response, may be why a significant interaction
and 40 Hz was seen. It is also possible this interaction was a Type I error as it is the only
significant behavioral effect. Future research replicating this finding as well as specifically
manipulating task complexity and vibration frequency is needed to address this possibility. WBV
studies have concluded both positive and negative effects of vibration, comparing the relative
complexity of the tasks that were used may give further insight into the interaction that was seen
in this study. Accurately comparing the difficulty of two disparate tasks may not be possible in
some cases. The absence of between-condition differences in go-trial response times is consistent
with expectations as participants do not inhibit during go trials and response times are typically
not used reliably as measures of inhibitory control [83].
The hypothesis that improved performance in the vibration trials, as compared to the no
vibration control was not supported. It was expected that an improved accuracy rate (or decrease
in error rate) for both go and no-go trials for all three WBV frequencies compared to no WBV
represented as statistically significant shifts caused by the main effect of vibration stimulus
would be seen. This expectation was based on improved performance that was seen in a similar
study using the Stroop color-word test [7]. The Stroop color word test is described by Scarpina et
al. as “a neuropsychological test extensively used to assess the ability to inhibit cognitive
interference that occurs when the processing of a specific stimulus feature impedes the
simultaneous processing of a second stimulus attribute, well-known as the Stroop Effect” [58].
Notably, this study used only a single session where participants were exposed to 15Hz, 20Hz,
and 40Hz frequencies for five minutes each. In the Boerema et al. (2018) study, participants
completed a five-week protocol of daily 30Hz vibrations for four minutes each day. Thus,
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although performance improvement was not seen in a single session, it is possible that an
increased dose of WBV over an extended period of time is necessary to result in changes in
cognitive task performance.
In previously related studies, using a seat placed on a WBV platform showed improved
performance in various cognitive tests measuring several different aspects of cognitive
performance. These previous studies used a vibrational frequency of 30 Hz [7, 9-11, 30] and
when combined with duration, amplitude and total acceleration differences, may have
contributed to the differences seen in our go/no-go test. Regterschot et al. reported that two
minutes of passive vibration induced positive acute effects on attention and inhibition in young
adults based on results from various Stroop tests [30], while den Heijer et al. reported 3-minutes
of vibration improved inhibition in healthy children using the Stroop Color-Word Interference
Test [9]. Other seated vibration studies looked at prolonged vibration treatments ranging from 10
days to 4 weeks. 4 weeks (4-minutes per day) was reported to positively influence brain function
based on improvement in the Stroop color-word test [7]. Furmeier et al. reported significant
beneficial effects of small-to-medium size on attention using a variety of neuropsychological
tests on both healthy individuals and adults with ADHD after 10 days of 3x/day WBV treatments
at 15 minutes each [11]. The limited research to this point varies significantly in time and total
vibration exposure and future studies should try to determine if a time threshold exists for
vibration exposure to improve cognitive performance.

3.6.2

N2 ERP

The go/no-go task was chosen as a measure of inhibitory control and a reliable way to elicit an
N2 ERP component that is thought to reflect neural processes associated with inhibitory control
[72]. Research suggests that it is critical in the design of an inhibitory control task that motor
58

activity is elicited on each response [84]. If motor activity is not initiated then the test is not
actually testing an inhibitory response. Increasing the number of go trials that are presented,
compared to the number of no-go trials, increases the likelihood of eliciting the desired motor
response [84]. To accomplish this, 70% of the stimulus presentations were go conditions and the
other 30% were of no-go conditions. Presenting the trials at a rapid pace or increasing the
pressure to respond quickly increased the prepotency of activating the participants motor activity
[47]. The trials were presented with an intertrial interval that varied randomly between 300 ms
and 800 ms. Visually similar stimuli have been show to produce the most prominent N2 ERP
responses [85]. Using an M and a W, both presented with the same pixel count and being
visually similar further enhanced the test setup.
The N2 ERP derived from EEG data collected during a go/no-go task is commonly used as
a measure of inhibitory control, with larger (i.e., more negative) N2 amplitude to no-go
(inhibition) trials and smaller (i.e., less negative) N2 amplitude to go trials (e.g., Drollette et al.,
2014). Based on previous behavioral findings showing improved inhibitory performance
following WBV (e.g., Boerema et al., 2018), it was hypothesized that there would be smaller N2
amplitude for WBV trials relative to no WBV. Although there was a significant difference
between go and no-go trials as expected (showing the N2 measurement of inhibitory control), the
hypothesis of increased N2 amplitude was not supported as there were no significant betweencondition differences for N2 amplitude.
As noted above, it was hypothesized that a difference in the N2 ERP across frequencies but
after analyzing the N2 ERP data no between-frequency differences were found. A significant
difference was found between the go and no-go conditions, as was expected because the
amplitude of the N2 is more negative when an individual suppresses a dominant response
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towards stimulus [71]. Thus, the N2 ERP showed the appropriate inhibition effects (i.e., the go
versus no-go trial difference was reflected in the N2 ERPs). If a difference had not been seen in
the go and no-go trial-types, it would have indicated the test setup was flawed in some way and
would have cast doubt on the validity of the results that were seen.
As other studies had shown both positive acute effects of 30 Hz WBV on attention and
inhibition in young adults [30] and improved performance in similarly related inhibition related
tasks with repeated treatments [7], it was expected to see a decrease in N2 ERP amplitude with a
corresponding increase in test performance. Yet, there were no significant differences between
WBV conditions for our N2 ERP data. One possible reason for this is that the study was unable
to gather data concurrently with vibration. Due to artifact in the EEG data that was introduced
from the vibrations, the five-minutes of WBV was completed followed immediately by the
completion of the go/no-go task while no vibrations were active. It is important to note that other
studies that gathered data concurrently with vibration also showed negative changes in
performance, although these did not incorporate EEG. Ishimatsu et al., in studying helicopter
crews, found that 17 Hz WBV influence response inhibition and induced impulsive responding
which would increase the likelihood of action slips due to compromised response inhibition [64].
Future studies may find value in further investigating the possibility of gathering data
concurrently with vibration rather than after vibration.
Another possible reason for the absence of significant effects in the N2 data is the amount
of data lost due to excessive artifact. Of the total initial sample of 94 participants, only 57
participants were useable for the N2 analyses (an attrition of nearly 40% of the data). The
considerable decrease in participants decreased the power to find effects and, as such, the
absence of statistically-significant differences may be Type II error since the study became
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underpowered to detect smaller effects. Thus, future studies with larger sample sizes and EEG
data collected concurrently with WBV are needed to fully understand the relationship between
WBV and inhibitory control functions. Finally, as this is the first study to use ERPs to measure
neural functioning following WBV, it is also possible that there simply are no changes following
brief bouts of WBV at different frequencies.

3.6.3

Oscillatory Activity

Data gathered during the oscillations portion of the study was done concurrently with the WBV
stimulus while the participant relaxed with their eyes closed. The final hypothesis, that a shift
would be seen in the waveform characterization of the EEG data, was supported by the data
analysis. Specifically, there was a statistically significant shift seen in the FL, FR, CR and TR
grouping regions when comparing the averaged oscillation activity across the 10 vibration
frequencies that were tested compared to no vibrations. However, although the shift in the
averaged oscillation activity was statistically significant, on further investigation the shift of
dominant frequency remained within the alpha brainwave characterization of 8-13Hz and was
therefore not deemed real-world relevant. For example, the FL oscillation activity grouping had
statistically significant changes across the frequencies that were tested, the calculated averages
for these areas had a range from 10.1 Hz to 10.7 Hz. For the purposes of this study, to be deemed
relevant was defined as movement of these averages from one previously established activity
group to another. A shift from alpha waves representing the dominant frequency to beta waves
would have constituted a real-world relevant shift. The literature surrounding brainwave
oscillations generally reports findings in these groupings defining cerebral function by group not
by specific changes within each group. For example, two frequencies with specific cerebral
functions related to different EEG frequencies include Delta waves present in normal adult sleep,
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in babies and in some continues attention tasks and Theta waves being present in adults and teens
experiencing drowsiness, and are also associated with inhibition of elicited responses. A change
from Theta waves being the dominant frequency too Delta waves dominating could show a
change in cognitive state from drowsiness to sleep. Because the literature comparing these wellknown groupings of brainwave oscillation activity is readily available and well established it was
thought that this definition of relevance was significant for the purposes of this study. A previous
study reported that WBV with eyes closed can cause a reduction in alpha activity and an increase
in theta activity [22]. The study by Landstrum and Lundstrom used low frequency and low
amplitude vibrations and found that this decrease in wakefulness was greatest when using
sinusoidal vibrations. Because the test setup was similar in that we also used low frequency, low
amplitude sinusoidal vibration with the participants reclined with their eyes closed it was thought
that similar trends might be seen in the results. Ten electrode groupings were made representing
the frontal right (FR), frontal left (FL), central right (CR), central left (CL), parietal right (PR),
parietal left (PL), occipital right (OR), occipital left (OL), temporal right (TR), and temporal left
(TL) of the brain and can be seen in figure 3-9. These groupings were made to create a more
manageable data set to analyze, and were made in accordance with prior research [80]. Notably
the statistically significant areas were concentrated in the frontal and central areas, with one area
being in the temporal region (FL, FR, CR, TR). If a real-world relevant shift had been seen,
moving the average brainwave characterization outside of previously established ranges of
activity, this movement could then be correlated with the area of the brain where it was observed.
Through previous research, it could be inferred how the shift might possibly affect an
individual’s performance. For example, a shift outside of the alpha wave characterization below
7.5 Hz and above 3.5 Hz would be representative of shift into the theta wave characterization
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[73]. Brainwaves in this range are associated with inhibition of elicited responses [86].
Therefore, a shift from the alpha range into the theta range could have potentially indicated an
increased inhibition of elicited response in the participant in the area of the brain where the shift
was seen. It was expected that some frequency shifts would be found based on previous reports
that changes were seen with decreases in alpha activity and increases in theta activity indicative
of a decrease in wakefulness [22]. However, changes from this previous work were seen in the
power spectral density within these standardized frequency ranges, with only slight variations in
the ranges of brainwave characterization than what have been presented for our study. A simpler
analysis looking at the dominant waveform characterization was used anticipating that this
simpler approach would provide more insight to vibration specific effects, but it may be that
these kinds of changes can only be effectively seen using analyses such as spectral density.
The FFT was chosen to provide a simple way to examine this data and has proven to be
successful in other areas as well as to provide some flexibility when looking at the data in nontypical ways and potentially shed light on how the vibrations were affecting the participants.
Previous research has used similar approaches by using other aspects of the FFT transform like
the spectral density [22] or the spectral entropy and spectral centroid of the FFT while grouped in
the alpha, beta, gamma and alpha to gamma frequency bands [54]. The approach was similar to
Murugappan and Murugappan example in that after transforming the data specific characteristics
of that data were reviewed and compared to previously established frequency groupings.
Murugappan et al. used the changes that they saw in the FFT data to draw conclusions about the
emotional state of participants [54]. It was intended to use the changes that were observed in the
dominant frequency shift of the FFT to interpolate what those might indicate about the
participants’ cognitive state, emotional or otherwise. The current literature provides ample
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insight into changes across brainwave frequency groupings and even indicates faster brainwave
oscillations like beta waves lead to high degrees of consciousness while slower oscillation like
alpha waves suggest less brain activity [86].

3.6.4

Vibration Considerations

Initially it was intended that data collection of the behavioral data would occur during vibration
exposure. However, this would have deviated from how previous WBV studies reported
improved performance in inhibitory control related tasks during measurement periods following
vibration exposure [7, 9, 30]. The initial test setup explored collecting data simultaneously
during WBV. While this method was used for the oscillation activity recordings it was ultimately
abandoned for the N2 ERP data collection portion of the study because of the artifact the
vibrations introduced into the ERP-related data. The more conventional standard of collecting
data after vibration exposure was used instead for the N2 ERP data collection. Even with this
accommodation to better gather ERP data there was still an unusually high number of
participants whose data did not meet the inclusion criteria and were ultimately excluded from the
N2 ERP analysis. It is possible that additional precautions would need to be made to better
insulate the data capture equipment from any interference that is generated by the vibrational
stimulus equipment as well as provide a more stable interface between the electrodes and the
scalp.
Vibration criteria in this study was reported using the specific equipment and power
settings used to better allow replication of vibrational stimulus for future studies. Previous
studies have reported vibration stimulus in terms of both acceleration and displacement but to
accurately replicate this kind of vibration criteria the study would have needed to measure and
report more information specific to the setup. For example, the study by Furmaier et al. and
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another by den Heijer et al. reported use of a vibrating platform with manufacturer settings of
4mm of vibration amplitude at 30 Hz. However, after loading the machine with the chair, they
reported an actual amplitude of .66mm being transmitted to the seated surface with the weight of
the chair only [11]. In another study vibration stimulus was reported at 30 Hz with an amplitude
range from 0.5 to 1 mm and a peak g-force range from 0.9 to 1.8 [7]. In all of these studies,
replication is difficult using only the reported vibration characteristics. Amplitudes and
accelerations can be replicated using different systems with different driving forces or methods
of vibration stimulus. It is possible to have two unloaded systems that behave identically that
when loaded do not provide the same amplitudes and accelerations as one another. Differences in
mass, stiffness, damping and method of vibration stimulus can all have significant effects.
Additionally, further standardization in seating setup could better accommodate study replication
in the future. Recommended guidelines [56] for reporting on WBV studies include
characteristics of the vibration stimulus that are not reported in this study. Some of the
characteristics include peak-to-peak displacement, peak acceleration, accuracy of vibration
parameters, skidding on the platform, and change of vibration throughout the course of the study
[56].
Factors including the type of chair used, cushioning and the mass of the subjects will
change the amplitude of vibration experienced per individual. So, while reporting the power
input and vibration input model could allow others to replicate the same vibration output, these
other factors are unfortunately not as reportable in the design. This is because the vibration input
on the chair can effectively be seen as a forced damped vibration with characteristics that are
dependent on factors that would be unreasonable to establish for each participant. For example,
the amplitude of the vibration in a forced damped setup is given by the equation
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where ω is the natural frequency of the system and can be
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represented by 𝑤𝑤 = �𝑚𝑚. In this equation k is the spring constant and m is the mass of what is

being vibrated. Because the mass of each participant varies, the amplitude of the vibration that
each participant experiences will be different, therefore reporting the unloaded vibration
amplitude of the platform without understanding the forces that are causing the displacement
makes it difficult to replicate what was done. This difference may be negligible but would not be
possible to be accurately reported. For this reason, the settings that were used to induce the
driving force are reported and can be replicated exactly as given in this study. It would also be
recommended that for seated studies a standardized seating arrangement be used to allow for
exact replication of study parameters. No such seating standardization is presented in this study.

3.6.5

Strengths and Weaknesses

The study had several strengths including using a relatively large sample size of 94 participants
when compared to similar studies [7, 9, 70]. Subjective metrics were avoided while objective
metrics like accuracy, response times, and EEG data were used in our analysis adding increased
confidence to the conclusions that we could arrive at. Participant time constraints limited the
number of frequencies that could be tested as well as limiting the amount of data that was
gathered during the closed eye WBV recordings. In addition, the study was unable to collect
EEG data during vibrations and a large amount of participant data was lost for the N2 and
oscillation analyses due to excessive artifact in the data that likely decreased our statistical power
to find effects. The study also failed to test WBV at 30 Hz which is the frequency that many of
the previous studies identified as having an effect on performance. This exclusion was identified
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after the study had already commenced collecting data and correcting the error at that point was
not deemed possible.

Conclusion
The results show that there were no main effects in either the behavioral performance or in the
N2 ERP of the participants but that there was a significant interaction at 40 Hz with improved
simple go trial activity and decreased no-go inhibition. The results also show that there was a
statistically significant shift in neural oscillation activity but that this shift was not real-world
relevant within the context of this study. Future research should evaluate standards for vibration
reporting and establish guidelines that allow for replication of study parameters exactly as well
as determine if a time threshold exists for vibration exposure to improve cognitive performance.
Additionally, manipulating the task complexity and vibration frequency is recommended to
replicate and explore further the interaction on accuracy that was seen at 40 Hz. Further research
in this area is needed to better understand the relationship between WBV and its effect on
cognitive control.
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4

SUMMARY

The effects of WBV on inhibitory control processes and brainwave oscillatory activity was
examined and presented for the thesis. A review of the surrounding literature informed the
decision to perform a study focusing on EEG recorded data and the analysis of this data using
ERP and oscillatory activity. Studies were identified that showed both positive and negative
effects of vibration on cognitive control processes and other measures of brain function. The
methodology of the study is presented with information about the participants and additional
background that informed the decisions made. Statistical analysis was performed analyzing the
behavioral effect of the WBV on the go/nogo test as well as the effect on N2 ERP and oscillatory
activity, the results of this analysis are presented. WBV at the amplitude and for the durations
that were tested were not shown to have any direct effect on these inhibitory control processes.
Additional research is needed to show what effects, if any, vibration has on the N2 ERP response
and shift in brain oscillatory activity. Changing the amplitude, frequency, and duration of the
WBV may change the results that are recorded and should be investigated further.
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